-Anatomical studies have demonstrated that the vestibular nuclei project to nucleus tractus solitarius (NTS), but little is known about the effects of vestibular inputs on NTS neuronal activity. Furthermore, lesions of NTS abolish vomiting elicited by a variety of different triggering mechanisms, including vestibular stimulation, suggesting that emetic inputs may converge on the same NTS neurons. As such, an emetic stimulus that activates gastrointestinal (GI) receptors could alter the responses of NTS neurons to vestibular inputs. In the present study, we examined in decerebrate cats the responses of NTS neurons to rotations of the body in vertical planes before and after the intragastric administration of the emetic compound copper sulfate. The activity of more than one-third of NTS neurons was modulated by vertical vestibular stimulation, with most of the responsive cells having their firing rate altered by rotations in the head-up or head-down directions. These responses were aligned with head position in space, as opposed to the velocity of head movements. The activity of NTS neurons with baroreceptor, pulmonary, and GI inputs could be modulated by vertical plane rotations. However, injection of copper sulfate into the stomach did not alter the responses to vestibular stimulation of NTS neurons that received GI inputs, suggesting that the stimuli did not have additive effects. These findings show that the detection and processing of visceral inputs by NTS neurons can be altered in accordance with the direction of ongoing movements. semicircular canal; otolith organ; vomiting; nausea; cardiovascular regulation NUCLEUS TRACTUS SOLITARIUS (NTS), a structure located in the dorsomedial portion of the caudal medulla, receives visceral afferent inputs from throughout the body and relays these signals to regions of the central nervous system that regulate autonomic functions (18, 28, 29) . NTS additionally receives inputs from a variety of central nervous system regions, including the caudal portion of the vestibular nucleus complex (5, 15, 45, 47, 56) . A number of homeostatic responses are affected by labyrinthine inputs, and these responses could be mediated, at least in part, through projections from the vestibular nuclei to NTS. Among these are vestibulo-sympathetic responses that adjust blood distribution in the body during postural alterations (17, 54, 55, 59) , vestibulo-respiratory responses that alter respiratory muscle activity in accordance with body position in space (55), and the complex of autonomic responses that occur during motion sickness (43, 58).
NUCLEUS TRACTUS SOLITARIUS (NTS), a structure located in the dorsomedial portion of the caudal medulla, receives visceral afferent inputs from throughout the body and relays these signals to regions of the central nervous system that regulate autonomic functions (18, 28, 29) . NTS additionally receives inputs from a variety of central nervous system regions, including the caudal portion of the vestibular nucleus complex (5, 15, 45, 47, 56) . A number of homeostatic responses are affected by labyrinthine inputs, and these responses could be mediated, at least in part, through projections from the vestibular nuclei to NTS. Among these are vestibulo-sympathetic responses that adjust blood distribution in the body during postural alterations (17, 54, 55, 59) , vestibulo-respiratory responses that alter respiratory muscle activity in accordance with body position in space (55) , and the complex of autonomic responses that occur during motion sickness (43, 58) .
Although anatomical studies have shown that the vestibular nuclei project to NTS, little is known about the effects of labyrinthine signals on NTS neuronal activity. The only prior neurophysiological study of the responses of NTS units to vestibular inputs used electrical stimulation to activate afferents from the inner ear (56) . This study showed that a fraction of neurons that responded to stimulation of the abdominal or cervical portions of the vagus nerve, or that had cardiac related activity, were also inhibited or excited by electrical activation of labyrinthine afferents (56) . One goal of the present experiments was to determine the effects of rotations in vertical planes that stimulate the anterior and posterior semicircular canals and otolith organs on the activity of NTS neurons, including those that receive inputs from baroreceptors or gastrointestinal (GI) afferents, or have discharges synchronized with diaphragm contractions. We tested the hypothesis that NTS neurons with inputs from different visceral afferents have distinct responses to natural vestibular stimulation.
NTS plays a critical role in the production of nausea and vomiting (16, 40) . Most, if not all, emetic stimuli evoke an increase in the expression of the intermediate-early gene c-fos by NTS neurons (10, 31, 32, 39, 44) . Lesions of NTS suppress or abolish vomiting elicited by a variety of different triggering mechanisms (16, 40) , including vestibular stimulation (11, 13, 23, 53) . There is evidence that susceptibility for nausea and emesis evoked by different triggering mechanisms is correlated. For example, individuals who are vulnerable to motion sickness often experience postoperative nausea and vomiting (1, 25, 49) . These observations raise the possibility that multiple inputs that evoke vomiting converge on the same NTS neurons, such that one signal affects the processing of the other. A second objective of this study was to ascertain whether an emetic stimulus that activates GI afferents alters the responses of NTS neurons to vestibular inputs. GI afferents were stimulated using the intragastric injection of copper sulfate, which irritates the stomach lining and readily evokes vomiting (3, 12, 14, 20, 26, 27, 35, 50, 52) . Copper sulfate is absorbed into the bloodstream in the intestine, but not the stomach (60) . Since the copper sulfate solution was removed ϳ10 -15 min after injection into the stomach, it likely did not reach its transporters in the intestine, and thus was not absorbed into the bloodstream. Consequently, copper sulfate served as a reversible emetic stimulus in this study. We tested the hypothesis that motion and GI triggers for nausea and vomiting converge on the same NTS neurons by examining whether copper sulfate infusion into the stomach altered the sensitivity and response characteristics of NTS neurons to vestibular stimulation in vertical planes.
METHODS
All experimental procedures conformed to the American Physiological Society's "Guiding Principles for the Care and Use of Animals," as well as the National Research Council Guide for the Care and Use of Laboratory Animals, and were approved by the University of Pittsburgh's Institutional Animal Care and Use Committee. Data were collected from 11 purpose-bred adult cats (Liberty Research, Waverly, NY) of either sex, weighing 2.6 to 4.9 kg. Most of the methods used in this study have been described in detail previously (19, 34, 42) .
Surgeries. Animals were anesthetized with isoflurane (5% for induction, 1.5-2.5% for maintenance) vaporized in O2, and a transducer (Millar Instruments, Houston, TX) was inserted through the femoral artery into the abdominal aorta to record blood pressure. The level of anesthesia was titrated to maintain mean blood pressure at ϳ100 mmHg and to prevent spontaneous and reflexive movements. The trachea was intubated, and both femoral veins were cannulated for drug administration. The carotid arteries were dissected free of surrounding tissues and occluded bilaterally, and a ligature was placed around each artery to permit stretch of the carotid sinus (19) . A catheter was inserted into the stomach through the cervical esophagus for intragastric copper sulfate injections. The C5 phrenic nerves were isolated bilaterally, secured in bipolar silver cuff electrodes that were insulated using silicone, and covered with a mixture of Vaseline and mineral oil.
The animals were placed in a stereotaxic frame with the head pitched-down 30°to vertically align the vertical semicircular canals, and supported using hip pins and a clamp placed on the dorsal process of an upper thoracic vertebra. They were subsequently decerebrated at the midcollicular level, and an occipital craniotomy was performed to expose the caudal brain stem. The caudal aspect of the cerebellum was gently retracted to permit the insertion of electrodes into the portion of the medulla near the obex.
Throughout the surgery and subsequent recording session, atropine sulfate (0.10 -0.15 mg/kg) was injected intramuscularly every 3 h to decrease airway secretions, and dexamethasone (2 mg/kg) was injected intravenously every 6 h to reduce brain edema. Rectal temperature was maintained at 37-38°C using a DC-powered heat lamp and pad. After the surgery was complete, anesthesia was discontinued. Animals were paralyzed using intravenous injections of pancuronium bromide (initial injection of 0.2 mg/kg, maintained by hourly injections of 0.1-0.2 mg/kg), and artificially ventilated with room air. Tidal volume and ventilation frequency were adjusted to maintain end-tidal CO2 at 4 -5%. A bilateral pneumothorax was performed to reduce ventilation-related brain movements. If hypotension occurred, mean blood pressure was increased to above 90 mmHg using an intravenous infusion of phenylephrine in saline at the rate of 0.005 to 0.01 mg·kg Ϫ1 ·min Ϫ1 . At the end of the experiment, animals were killed by the intravenous injection of 120 mg/kg pentobarbital sodium. The brain stem was removed and fixed in 10% formaldehyde solution.
Recording procedures. Recordings were performed from regions of the NTS and adjacent reticular formation spanning from 1.5 mm caudal to 1 mm rostral to the obex, and within 2.5 mm of the midline, using a 5 M⍀ tungsten microelectrode (Frederick Haer, Bowdoin, ME). In addition to anatomical landmarks on the surface of the brain stem, the locations of respiratory neurons of the dorsal respiratory group (51) were used to estimate the boundaries of the NTS during experiments. Activity recorded from neurons was amplified by a factor of 10,000 and filtered with a band pass of 300 -10,000 Hz. The output of the amplifier was sampled at 25,000 Hz using a Micro1401 mk 2 data collection system and Spike2 version 6 software (Cambridge Electronic Design, Cambridge, UK). The amplifier output was additionally fed into a window discriminator for the delineation of spikes from single units. The discriminator output was sampled at 10,000 Hz, as described above. During the post hoc data analysis following experiments, the spike detection and sorting feature of the Spike2 software was employed to segregate units if more than one was present in the recording field, and to ensure that counts of neuronal activity were accurate (see Data analysis procedures below). Activity recorded from the phrenic nerves was amplified by a factor of 10,000, filtered with a band pass of 100 -10,000 Hz, integrated with a 10-ms time constant, full-wave rectified, and sampled at 1,000 Hz. We additionally sampled arterial blood pressure at 100 Hz. When vestibular stimuli were delivered, table movement was recorded using potentiometers and collected at 100 Hz.
Upon encountering a unit, we recorded its spontaneous activity along with blood pressure and phrenic nerve discharges, so we could determine whether the cell had cardiovascular or respiratory related firing (Fig. 1) . The carotid arteries were occluded to reduce bleeding at the decerebration site, which also eliminated stimulation of carotid sinus baroreceptors during the cardiac cycle. As an additional test to ascertain whether NTS neurons received baroreceptor inputs, we observed the effects of mechanical stretch of the carotid sinus (19) , as illustrated in Fig, 1C .
We next recorded neuronal responses while rotating the entire animal about the pitch (transverse) and roll (longitudinal) axes using a servo-controlled hydraulic tilt table (NeuroKinetics, Pittsburgh, PA). Our procedures for performing vertical vestibular simulation are described in detail elsewhere (19, 34, 42) . We first utilized the "wobble" stimulus, a fixed-amplitude tilt, the direction of which moves around the animal at constant speed (48) , to determine whether a unit responded to vestibular stimulation. The wobble stimulus was employed for this determination, because it activates both vertical semicircular canals and otolith organs (48) . We typically first delivered 0.2-Hz wobble stimuli at 5°. If these rotations were ineffective, as determined by an online calculation of the signal-to-noise ratio for responses (see Data analysis procedures for definition), we increased the stimulus amplitude to 7.5°. If a neuron did not respond to 0.2-Hz rotations at 7.5°amplitude, 0.1-Hz wobble stimulation at 10°ampli-tude was provided, although some units were lost before this stimulus could be delivered.
For units that responded to wobble rotations, we determined the plane of tilt that produced maximal modulation of the unit's firing rate (response vector orientation). The direction of the response vector orientation lies midway between the maximal response directions to clockwise and counterclockwise wobble stimulation, because the phase differences between stimulus and response are reversed during the two directions of rotation (48) . Thus, by considering both responses, we could account for these phase differences. Subsequently, the response vector orientation was confirmed by comparing the gain of responses to rotations in the roll and pitch planes.
After a unit's response vector orientation was established, tilts in a fixed plane at or near this orientation were used to study the dynamics of the vestibular response (response gain and phase across stimulus frequencies). Response dynamics were routinely determined for the frequency range of 0.05-0.5 Hz; for some cells, rotations at 1 Hz were also delivered. The amplitude of planar stimuli was 5°-10°at frequencies Յ0.1 Hz and 5°-7.5°at frequencies Ͼ0.1 Hz.
We then tested the effects of injecting into the stomach 83 mg of copper sulfate (Sigma, St. Louis, MO) dissolved in 10 ml of distilled water on the spontaneous activity of neurons and their responses to vestibular stimulation. After we recorded the spontaneous firing rate of a unit for 5 min following copper sulfate administration, wobble and planar rotations were delivered at the same frequencies and amplitudes that were previously shown to be effective. Subsequently, the copper sulfate solution was aspirated from the stomach, and then a series of washes occurred using 10 -15 ml of distilled water. In total, 60 ml of distilled water was injected and aspirated during the washing process to ensure that the copper sulfate solution was completely removed. We waited at least 10 min after testing the effects of copper sulfate infusion on the responses of an NTS neuron to vestibular stimulation before resuming recordings. It was rare to hold a unit through the stimulation battery described above and the subsequent washing process to remove copper sulfate from the stomach. As such, we were unable to determine whether a unit's spontaneous activity and responses to rotations returned to baseline levels after the copper sulfate stimulus was withdrawn.
Electrolytic lesions were made at defined coordinates by passage of a 100-A negative current for 60 s through the recording electrode. Typically, lesions were placed 1-2 mm ventral to NTS; after a lesion was made, recordings commenced on the opposite side of the brain. These precautions ensured that damage to the brain resulting from the process of generating the lesion did not affect subsequent recordings.
Data analysis procedures. Following experiments, all data were subjected to spike sorting using Spike2 software to ensure that counts of neuronal activity were accurate. When spike shape or amplitude changed during the course of recording from a unit, such that we were not confident about the fidelity of the data, the spurious runs were discarded. In trials in which two units were present with action potential shapes that could be reliably segregated, data from both units were subsequently analyzed, as described below.
To determine whether a unit had cardiovascular related activity, averages of neural activity were triggered from peak systolic blood pressure, as shown in Fig. 1B . In addition, a neuron was classified as a "cardiovascular unit" if its firing rate changed Ͼ30% during the decline in blood pressure, resulting from stretch of the carotid sinus (Fig. 1C ). Neurons were classified as "respiratory units" if their discharges were synchronized with phrenic nerve activity, as illustrated in Fig. 1D . Three subtypes of respiratory units were distinguished: inspiratory units that fired during increases in phrenic nerve activity, expiratory units that fired between bursts of phrenic nerve activity, and pump units with respiratory related activity that disappeared when artificial ventilation was transiently removed. The latter responses were likely due to activation of pulmonary receptors when the chest was expanded by the ventilator (36) . Neurons were classified as "GI units" if their firing rates increased or decreased Ͼ30% following the administration of copper sulfate, as illustrated in Fig.  1E . Some neurons had responses that combined the properties discussed above (e.g., had both cardiovascular and respiratory related activity) and were classified as "convergent neurons." However, most , and a GI unit (E). A: data traces showing arterial blood pressure (top) and nucleus tractus solitarius (NTS) unit activity (bottom). These data are from a portion of the run used to generate the averages in B. B: averaged changes in arterial blood pressure (top) and a poststimulus histogram showing associated changes in the NTS unit firing (bottom); 73 sweeps were pooled to generate traces. Averaging was triggered by maximal systolic blood pressure at the central peak. The unit tended to fire just after maximal systolic blood pressure. C: effect of mechanical stretch of the carotid sinus (indicated by horizontal line) on arterial blood pressure (top) and NTS unit activity (bottom). Carotid stretch resulted in a decrease in blood pressure and an increase in the unit's firing rate. D: comparison of phrenic nerve activity (top) to NTS unit activity (bottom). This unit fired during phrenic nerve discharges and was classified as an inspiratory neuron. E: effect of intragastric copper sulfate administration (indicated by arrow) on arterial blood pressure (top) and NTS neuronal activity (bottom). Injecting copper sulfate resulted in a transient increase in blood pressure and a sustained increase in unit firing. units could not be classified into these four groups, and are referred to below as "unknown units."
Neural activity recorded during whole-body rotations was binned (500 bins/cycle) and averaged over the sinusoidal stimulus period. Sine waves were fitted to responses with the use of a least-squares minimization technique (48) ; an initial analysis was performed using the Spike2 software, while data collection was occurring, and a post hoc final analysis was subsequently executed using MATLAB (MathWorks, Natick, MA). The response sinusoid was characterized by two parameters: phase shift from the stimulus sinusoid (subsequently referred to as phase) and amplitude relative to the stimulus sinusoid (subsequently referred to as gain). We used one primary criterion and two secondary criteria to determine whether neuronal activity was modulated by rotations (19, 34, 42) . First, responses were considered significant only if the signal-to-noise ratio [calculated as in (48)] was Ͼ0.5. Data meeting this criterion were considered to represent real modulation of neuronal activity if only the first harmonic was prominent, and the responses were consistent from trial to trial. In a small number of cases, rotations were delivered at a frequency similar to that for spontaneous rhythmic activity, such that the averaged activity met the signal-to-noise criterion at that frequency, but not other rotation frequencies. In these instances, the response phases varied tremendously when runs were repeated, allowing spurious trials to be readily detected.
Statistical analyses were performed using Prism 5 software (GraphPad Software, San Diego, CA). Pooled data are presented as means Ϯ SE. Statistical significance was assumed if P Ͻ 0.05.
Histological procedures. A freezing microtome was used to cut the brain stem transversely at 100-m thickness, and tissue sections were stained using thionine. Photographs of brain stem sections were captured using a digital stereomicroscope, and Motic (Xiamen, China) Images Advanced software and Adobe Illustrator software (Adobe systems, San Jose, CA) were used to generate drawings of the sections. Recording sites were reconstructed on these drawings with reference to the locations of electrolytic lesions, the relative positions of electrode tracks, and microelectrode depths.
RESULTS
We examined the effects of rotations in vertical planes on the firing rate of 222 cells located in the NTS and adjacent reticular formation. Forty-one of the neurons were classified as cardiovascular units, including 33 cells with activity synchronized to the cardiac cycle (as illustrated in Fig. 1, A and B) and eight additional cells that responded to stretch of the carotid sinus (as shown in Fig. 1C) . Seventeen neurons were respiratory units, of which 13 had respiratory related activity that disappeared when the ventilator was transiently switched off, indicating that the responses were due to activation of pulmonary afferents by lung inflation. Fifteen neurons were GI units, including nine, whose firing rate decreased, and six, whose firing rate increased following the injection of copper sulfate into the stomach. Eighteen additional neurons were convergent units, most of which responded to the intragastric administration of copper sulfate (10 with increases in activity and 6 with decreases in activity). The majority of these convergent units had both cardiovascular and GI responses, while 6 had both respiratory and GI responses. The remaining 131 neurons were classified as "unknown units."
The mean spontaneous firing rate for all neurons was 11.3 Ϯ 0.7 spikes/s. The spontaneous firing rates for each of the unit types are shown in Fig. 2 ; these firing rates were not shown to be significantly different using a nonparametric one-way ANOVA.
Responses of NTS neurons to rotations in vertical planes
The firing rate of 93% (14/15) of GI units, and 94% (17/18) of convergent neurons was modulated by vestibular stimulation. In total, of the 31 neurons whose activity was altered by copper sulfate infusion into the stomach (15 GI and 16 convergent units), 29 (94%) responded to vertical rotations. In contrast, just 54% (22/41) of cardiovascular units, 64% (11/17) of respiratory units, and 26% (34/131) of unknown units had responses to labyrinthine inputs. A caveat, however, is that some neurons were lost during the initial battery of testing for responses to whole body rotations, before copper sulfate was injected into the stomach. Many of these lost units were unresponsive to vestibular stimulation, such that a large number of trials were required to establish whether their activity was modulated by body rotations. Most of these cells were classified as "unknown units," although it is possible that some received GI inputs. This limitation in the data set could have resulted in an artificial elevation of the fraction of neurons with GI inputs classified as responding to vestibular stimulation.
The locations in the caudal aspect of NTS and the adjacent reticular formation of the neurons that responded to vertical rotations are indicated in Fig. 3 . These units were interspersed with those whose firing rates were unaffected by rotations. The population of cells sampled was located 0.25 to 2.5 mm (average of 1.49 Ϯ 0.03 mm) from the midline, 0.15 to 2.1 mm (average of 1.03 Ϯ 0.03 mm) from the dorsal surface of the brain stem, and 13.0 to 15.6 mm (average of 14.3 Ϯ 0.04 mm) posterior to stereotaxic zero. In general, different unit types were intermingled, although respiratory units were located slightly more rostrally than the others (13.7 Ϯ 0.15 mm posterior to stereotaxic zero), as confirmed by a two-way ANOVA (factors were unit type and the coordinates of unit locations) combined with Bonferroni post hoc tests.
Response vector orientations were determined for all but one of the neurons that responded to vertical rotations, and are shown in Fig. 4 . Of the 97 response vector orientations illustrated, 65 (67%) were closer to the pitch plane than the roll plane; two-thirds (42/65) of these cells were excited by nose-up pitch, whereas one-third were excited by nose-down pitch. The distribution of response vector orientations was similar for all unit types: 59% of cardiovascular, 73% of respiratory, 57% of GI, 75% of convergent, and 67% of unknown units had response vector orientations within 45°of the pitch plane.
After the response vector orientation was calculated for a unit, tilts were delivered in a fixed plane near this best direction for modulating neuronal activity, to determine the dynamic properties of the cell's responses to rotations. Dynamic response properties were established over at least a stimulus decade (10-fold range of stimulus frequencies, such as 0.05-0.5 Hz) for 40 neurons. Fig. 5A illustrates the responses of a unit with unknown visceral inputs to pitch rotations at 0.05-0.5 Hz, whereas Fig. 5B shows the responses of a GI unit to roll tilts delivered at 0.05-1.0 Hz. Bode plots indicating the gain and phase of responses to fixed-plane tilts are provided in Fig. 6 . Both response gain and phase were plotted with respect to stimulus position, such that a response whose phase led stimulus position by 90°was synchronous with stimulus velocity. Lines of different colors indicate the 7 cardiovascular units, 1 respiratory unit, 13 GI units, 14 convergent units, and 5 unknown units for which Bode plots were constructed. It was often difficult to collect sufficient trials to eliminate strong intrinsic rhythmic discharges from averages. For this reason, data for only a limited number of neurons with strong rhythmic activity, including cardiovascular and respiratory units, were provided in Fig. 6 . The response dynamics for the majority of units were remarkably consistent: response gain stayed constant across stimulus frequencies (Fig. 6, A and C) , while response phase remained near stimulus position or lagged stimulus position slightly as stimulus frequency increased (Fig. 6, B and D) .
Effects of intragastric copper sulfate infusion on the responses of NTS neurons to rotations in vertical planes.
The responses of 40 neurons to wobble stimuli were recorded before and after the intragastric administration of copper sulfate. The spontaneous activity of 28 of these neurons was altered Ͼ30% after copper sulfate infusion into the stomach; firing rate increased in half of the neurons and decreased in the other half. Injection of copper sulfate often produced a transient change in blood pressure, as illustrated in Fig. 1E . However, we classified a unit as receiving GI inputs only if a sustained alteration in firing rate was observed, which was independent of perturbations in blood pressure. The firing rates of the other 12 neurons, which included 7 cardiovascular, 2 convergent, and 3 unknown units, remained relatively stable after copper sulfate was delivered. Fig. 7A shows the effects of irritating the stomach lining with copper sulfate on the gain of responses to wobble stimuli, which were delivered at the same frequency and amplitude in both sets of trials. The response gain for most neurons changed Ͻ30% after copper sulfate was administered (median of 27%), although the effects on a few cells were pronounced. The responsiveness to vestibular stimulation of approximately half of the NTS neurons with GI inputs increased after copper sulfate infusion, whereas the other half became less sensitive to whole body rotations. As such, the median percentage change in response gain for this population of neurons was very small: 5%. A Wilcoxon signed-rank test showed that this value was not significantly different from 0 (P ϭ 0.94). Such variability in neuronal responses to repeated rotational stimulation is evident in the vestibular nuclei and is likely not biologically significant (34, 41) . In contrast, the responsiveness to vestibular stimulation of NTS neurons without GI inputs typically decreased (median of 29%) after copper sulfate was administered. This value was significantly different from 0 (P Ͻ 0.01, Wilcoxon signed-rank test). Fig. 7B shows the effects of the intragastric administration of copper sulfate on the response vector orientations of NTS neurons. For neurons with GI inputs, the response vector orientations were nearly identical before and after copper sulfate was infused. The median change was 4°, while the response vector orientation of only one cell was altered more than 45°. The median change in response vector orientations for neurons lacking GI inputs was 3°, although three cells had variations Ͼ45°. The median value for neither population of cells was significantly different from 0 (P ϭ 0.46 for neurons with GI inputs and P ϭ 0.37 for neurons lacking GI inputs, Wilcoxon signed-rank test).
It was possible to hold 10 neurons with GI inputs long enough to generate Bode plots before and after the infusion of copper sulfate into the stomach. Copper sulfate administration had no appreciable effect on the response dynamics of the neurons (Fig. 6, E and F) . Both prior to and following copper sulfate delivery, the response gain remained consistent across stimulus frequencies. The response phase was within 25°of stimulus position at all frequencies, both before and after copper sulfate administration.
DISCUSSION
This study was the first to characterize the responses of NTS neurons to whole-body tilts that activate vestibular receptors. It made use of rotations in vertical planes that stimulate both the anterior and posterior semicircular canals and otolith organs; the only vestibular end organs that were unaffected were the horizontal semicircular canals. Over one-third of NTS units responded to vertical vestibular stimulation, including those with inputs from baroreceptors activated during the cardiac cycle or by stretch of the carotid sinus, GI receptors activated by infusion of the emetic drug copper sulfate into the stomach, and pulmonary receptors activated by expansion of the chest cavity during artificial ventilation. The characteristics of the responses of most NTS neurons to labyrinthine stimulation were similar: they were typically most prominent during head movements in the sagittal plane, were aligned with head position in space (as opposed to the velocity of head movements), and were similar in magnitude when low-and highfrequency rotations were delivered. Such characteristics of responses to head movements are similar to those of otolith organ afferents (2, 22) . As such, the firing rates of some NTS neurons are altered in accordance with head position during head-up or head-down rotations, presumably affecting the responses of the cells to visceral inputs. Response vector orientations were determined using wobble stimuli, usually at 0.2 Hz. The response vector orientations were plotted using a head-centered coordinate system, with 0°corre-sponding to ipsilateral ear-down (IED) roll tilt, 90°to nose-down (ND) pitch, 180°to contralateral eardown (CED) roll, and Ϫ90°to (NU) nose-up pitch.
The activities of both sympathetic nerves (57) and respiratory muscles (46) are modulated by vestibular inputs elicited by head movements in the transverse plane, which raises the possibility that NTS neurons are components of the neural pathways that mediate these responses. Furthermore, the dynamics of the responses of NTS neurons to vertical vestibular stimulation are similar to those of vestibulo-sympathetic reflexes (57) . Neurons in the rostral ventrolateral medulla that relay labyrinthine inputs to sympathetic preganglionic neurons also have response dynamics that closely resemble those of NTS neurons (19) . These findings suggest that NTS neurons may be components of the neural pathways that mediate vestibular influences on the sympathetic nervous system and blood pressure.
Another possibility is that the convergence of vestibular and baroreceptor signals on NTS neurons regulates the gain of the baroreceptor reflex. A recent study in conscious cats suggested that baroreceptor reflexes are amplified following the elimination of vestibular inputs, as indicated by the observation that rostral ventrolateral medulla (RVLM) neurons were more likely to exhibit cardiac related activity subsequent to a bilateral labyrinthectomy (8) . An increase in the baroreceptor reflex gain following vestibular lesions would explain previous observations that instability in blood pressure during postural alterations dissipates within a week after the loss of labyrinthine inputs and vestibulo-sympathetic responses (33) . Further studies are thus warranted to characterize the influences of the vestibular system on the processing of baroreceptor inputs by the brain stem.
This study also demonstrated that NTS neurons whose firing rate was altered by the intragastric infusion of copper sulfate responded to rotations in vertical planes. Since copper sulfate is an emetic compound (3, 12, 14, 20, 26, 27, 35, 50, 52) , presumably some of these cells were components of the neural circuit that produces nausea and vomiting. As such, the present findings support older lesion studies that showed that motion sickness-related vomiting is mediated through vestibular inputs to NTS (11, 13, 23, 53) . Contrary to our expectation, infusion of copper sulfate into the stomach did not appreciably alter the responses to vestibular stimulation of NTS neurons with GI inputs. Thus, the present findings do not support the hypothesis that emetic stimuli have additive effects on the activity of neurons that elicit nausea and vomiting, such that one stimulus increases a neuron's responsiveness to a second input. How- ever, such interactions could occur downstream from NTS. Emesis can be evoked in animals with all parts of the nervous system removed except the medulla and spinal cord (38) , whereas nausea is mediated through ascending projections from NTS to the parabrachial nucleus, hypothalamus, and forebrain structures (58) . Since discrete neural projections from NTS likely are responsible for triggering nausea and vomiting, any interplay between emetic stimuli likely differs in the two pathways, because it is not evident in recordings from NTS neurons.
Since NTS neurons receive direct inputs from the caudal portion of the vestibular nucleus complex (5, 15, 45, 47, 56) , it is reasonable to speculate that this projection mediates the responses of vestibular nucleus neurons to rotations in vertical planes. However, although some NTS neurons were activated at short latency by electrical stimulation of the vestibular nerve, the response latencies of other units were very long (56) , suggesting that multisynaptic pathways additionally convey labyrinthine inputs to NTS. The parabrachial nucleus receives vestibular inputs (4, 6) and has interconnections with NTS (21, 24, 30) , raising the possibility that the responses to body rotations recorded in this study were mediated in part through a vestibular nucleus-parabrachial-NTS pathway.
Copper sulfate infusion into the stomach attenuated the responses to vestibular stimulation of neurons whose spontaneous firing rate was unaffected by the emetic stimulus. This finding could be related to the noxious nature of copper sulfate, which likely evokes visceral pain along with nausea and vomiting, as evidenced by the observation that transient increases in blood pressure often occurred when copper sulfate was administered (see Fig. 1E ). It is feasible that neurons comprising the multisynaptic pathways that convey vestibular signals to NTS were inhibited by these noxious inputs, thereby attenuating their responses to labyrinthine inputs. For example, noxious GI inputs affect the activity of parabrachial neurons (37) , which may participate in transmitting vestibular signals to NTS. Additional experiments are needed to determine whether other noxious inputs also affect the responses of NTS neurons to vestibular inputs.
It seems unlikely that the blood pressure changes during copper sulfate infusion were primarily responsible for the alterations in firing rate of NTS neurons elicited by this stimulus. Most neurons whose firing rate changed Ͼ30% following the administration of copper sulfate were not responsive to mechanical stretch of the carotid sinus, which should have provided a powerful stimulus to baroreceptors, suggesting that these cells were insensitive to baroreceptor inputs. In addition, blood pressure alterations during copper sulfate infusion were small and transient, whereas the responses of neurons to this stimulus were sustained. Furthermore, even if a component of the responses to infusion of copper sulfate had been related to blood pressure alterations, our interpretation of the data would not have been substantially altered. This is because the firing rates of NTS neurons receiving a variety of types of visceral inputs were affected similarly by rotational stimuli that activated vestibular receptors.
It is also feasible that the responses of NTS neurons to whole-body rotations were due to activation of visceral afferents as the organs shifted in the body cavity. However, several lines of evidence argue against this possibility. First, smallamplitude rotations, which should have provided only a minimal stimulus to visceral afferents, were effective in modulating the activity of NTS neurons. Second, the responses of NTS neurons to body tilts were similar when low-frequency and high-frequency rotations were delivered. High-frequency tilts should have provided a weaker stimulus for visceral afferents than low-frequency rotations that better facilitated the shifting of the viscera in the body cavity. Third, neurophysiological studies employing electrical stimulation to excite vestibular afferents (56) , as well as anatomical tracing experiments (5, 15, 45, 47, 56) , have demonstrated that a substantial labyrinthine input is conveyed to NTS, which should provide for robust modulation of NTS unit activity during postural alterations. Another potential concern was that whole-body rotations altered blood distribution in the body and blood pressure, which resulted in baroreceptor-mediated changes in the activity of NTS neurons. Although large body movements produce such fluid shifts (54, 59) , the small-amplitude rotations delivered in these experiments did not affect blood pressure, as evidenced in panel e of Fig. 5A, e and f of Fig. 5B . Therefore, it seems likely that the changes in activity of NTS neurons elicited by whole-body in this study resulted from the activation of vestibular afferents.
Perspectives and Significance
The data provided in this manuscript show that vestibular inputs elicited by head-up or head-down rotations of the body modulate the firing rates of some NTS neurons, including those with inputs from baroreceptors, pulmonary receptors, and GI receptors. The characteristics of these responses were similar to those of vestibulo-sympathetic (57) and vestibulo-respiratory responses (46) , and to those of neurons in brain stem regions, such as the RVLM that convey labyrinthine inputs to sympathetic preganglionic neurons (19) . As such, NTS neurons may contribute to producing vestibulo-sympathetic and vestibulo-respiratory responses. It is also possible that vestibular inputs to NTS subserve another role than modulating sympathetic and respiratory activity in accordance with body position in space, such as gating visceral inputs during movement and changes in posture. It has been suggested that visceral inputs play an important role in deciphering spatial orientation, and complement inputs from the inner ear, which can provide ambiguous cues about the location of the body in space and its trajectory (7) . Thus, it is feasible that vestibular inputs to NTS amplify visceral signals when the visceral inputs are needed to track ongoing postural changes. Regardless of the functional relevance of labyrinthine inputs to NTS, future studies should consider that homeostasis is challenged during behaviors involving body motion in space, and that the detection and processing of visceral inputs can be altered in the context of movement. As such, studies of NTS neurons in awake, behaving animals may shed new insights into homeostatic regulation. In addition, experiments in human subjects should address whether changes in body position affect homeostatic responses following stimulation of visceral receptors.
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